The orexigenic peptide ghrelin has been shown to have prokinetic activity in the gastrointestinal (GI) system of several species, including humans. In this series of experiments, we have evaluated the prokinetic activity of novel, small-molecule ghrelin receptor (GhrR) agonists after parenteral and peroral dosing in mice and rats. Gastric emptying, small intestinal transport, and fecal output were determined after intraperitoneal and intracerebroventricular dosing of GhrR agonists, using ghrelin as a positive control. These same parameters were evaluated after oral gavage dosing of the synthetic agonists. Regardless of dose route, GhrR agonist treatment increased gastric emptying, small intestinal transit, and fecal output. However, fecal output was only increased by GhrR agonist treatment if mice were able to feed during the stimulatory period. Thus, GhrR agonists can stimulate upper GI motility, and the orexigenic action of the compounds can indirectly contribute to prokinetic activity along the entire GI tract. The orexigenic and prokinetic effects of either ghrelin or small-molecule GhrR agonists were selective for the GhrR because they were absent when evaluated in GhrR knockout mice. We next evaluated the efficacy of the synthetic GhrR agonists dosed in a model of opiate-induced bowel dysfunction induced by a single injection of morphine. Oral dosing of a GhrR agonist normalized GI motility in opiate-induced dysmotility. These data demonstrate the potential utility of GhrR agonists for treating gastrointestinal hypomotility disorders.
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Neuroendocrine systems function to coordinate complex physiological and homeostatic processes, and the peptide hormone ghrelin is a key factor in the neuroendocrine control of nutrient metabolism. Ghrelin is secreted primarily by the stomach and reaches peak plasma levels in anticipation of a meal. It then acts at its specific G-protein-coupled receptor (GhrR, also referred to as GHSR-1a) to potently stimulate food intake (FI) and nutrient storage (Guan et al., 1997; Leite-Moreira and Soares, 2007) . Thus, ghrelin is both anatomically and physiologically positioned to play a significant role in the regulation of metabolism (Inui et al., 2004) . Consistent with its role in determining the fate of consumed nutrients, ghrelin has a potent prokinetic action on the gastrointestinal (GI) tract. The orexigenic and prokinetic action of ghrelin has been established firmly in rodents (Wren et al., 2000; Dornonville de la Cour et al., 2004; Fukuda et al., 2004; Druce et al., 2005; Kitazawa et al., 2005) and humans (Wren et al., 2001; Murray et al., 2005; Tack et al., 2005; Binn et al., 2006) . Ghrelin stimulates the migrating motor complex, resulting in increased gastric emptying and upper GI tract motility in a variety of species (Fujino et al., 2003; Tack et al., 2006; Wang et al., 2007) . Despite 50% structural homology between ghrelin and the prokinetic peptide hormone motilin, the activity of these two hormones has been shown convincingly to function via distinct receptors (Depoortere et al., 2003; Sanger, 2008) . The ability to stimulate hunger, FI, and GI motility suggests that ghrelin agonists may represent an attractive and unique therapeutic strategy for the treatment of motility disorders (Sanger and Alpers, 2008) , such as diabetic and idiopathic gastroparesis, postoperative ileus, opiate-induced bowel dysfunction, and chronic constipation of idiopathic origin (Murray et al., 2005; Tack et al., 2005; Levin et al., 2006; Qiu et al., 2008b,c) .
Selective, small-molecule GhrR agonists currently are be-ing evaluated clinically as potential therapeutics for GI dysmotility disorders (Venkova et al., 2007) . Parenteral dosing with synthetic, macrocyclic GhrR agonists successfully stimulated GI motility in rodent models (Venkova et al., 2007) . However, although there is clinical potential for parenteral dosing in certain indications such as postoperative ileus, the oral dose route offers broader therapeutic utility. We have developed potent, orally bioavailable, dimethyl glycyl-O-benzyl-serine GhrR agonists (Li et al., 2005) and have evaluated them for their ability to affect motility throughout the GI axis in rodents after both parenteral and peroral dosing. We report here that the small-molecule ghrelin agonists, Elixir (EX)-1314 and EX-1315, stimulate gastric emptying, small intestinal transit, and fecal output in addition to stimulating food intake. In addition, these compounds ameliorate opiateinduced bowel dysfunction, supporting the potential use of these agents in a range of GI dysmotility disorders.
Materials and Methods
General. The outline and rationale for testing the efficacy of our agonists on GI function is as follows. Initial experiments were performed to determine the ability of two representative members of the dimethyl glycyl-O-benzyl-serine series of ghrelin agonists to increase the most proximal components of GI physiology, gastric emptying, and small intestinal transit (SIT). In all cases, preliminary studies were conducted to determine optimal doses and dose timing. Intraperitoneal dosing of compounds was employed for initial studies so that the effects could be compared with ghrelin, which can only be administered parenterally. We then evaluated whether we could recapitulate these actions when the agonists were dosed by oral gavage. Furthermore, we tested whether the prokinetic action of GhrR agonists on the upper GI could lead to increased motility along the entire GI tract by measuring fecal output. Here, ghrelin was not used as a positive control because it is not orally absorbed. Next, the receptor selectivity of the compounds for SIT and FI were determined in mice lacking the GhrR. These experiments also were carried out by intraperitoneal dosing so that ghrelin could be used as a comparator. We then examined the ability of compounds to act via central sites of action by administering the compounds intracerebroventricularly and measuring food intake and GI motility versus ghrelin. Finally, we tested the efficacy of compounds in mice in a model of opiate-induced GI dysmotility to determine the effectiveness of the small-molecule GhrR agonists under conditions of GI pathology.
Compounds. Acylated ghrelin (octynoyl-Ser3-ghrelin) is the active form of the peptide and was purchased from Phoenix Pharmaceuticals (Belmont, CA). Human motilin was purchased from SigmaAldrich (St. Louis, MO). In vitro pharmacologic and pharmacokinetic properties of small-molecule GhrR agonists (Li et al., 2005) were assessed by standard methods (see Supplemental Table 1 ). Morphine sulfate was purchased from Hospira, Inc. (Lake Forest, IL).
Animals. Use of experimental animals for all protocols was approved by the Elixir Pharmaceuticals Institutional Animal Care and Use Committee (Cambridge, MA) in accordance with the Guide for Care and Use of Laboratory Animals (Institute of Laboratory Animal Resources, 1996) . Lean, male C57BL/6 mice were purchased from Taconic Farms (Germantown, NY), and intracerebroventricularly cannulated male, C57BL/6 mice were purchased from The Jackson Laboratory (Bar Harbor, ME). A colony of GhrR knockout (KO) and wild-type (WT) mice (Sun et al., 2004 ) was maintained at Charles River Laboratories, Inc. (Wilmington, MA) and transferred to Elixir for experiments. Mice from the GhrR KO colony were genotyped using a polymerase chain reaction assay followed by gel electrophoresis. Before use in experiments, all mice were acclimated to facility conditions for 5 days, housed in a controlled environment (22°C, ϳ40% humidity, 12-/12-h in-phase light/dark cycles at 7:00 AM/7:00 PM) on ventilated racks (Thoren Caging Systems, Inc., Hazleton, PA). Rat studies were conducted using male SpragueDawley (SD) rats (250 -300 g; Rheoscience A/S, Roedovre, Denmark). Unless otherwise noted, animals were individually housed and maintained on a normal chow diet (PicoLab rodent diet 20; Purina, St. Louis, MO) with ad libitum access to food and water. In experiments involving the transfer of animals to a novel, clean cage, a small quantity of home cage bedding was also transferred to the new cage to minimize stress. Animals were approximately 12 weeks of age at the start of experiments.
Gastric Emptying. Gastric emptying after treatment with GhrR agonists was determined in both mice and rats. In mice, gastric elimination was measured by weighing stomach contents after oral gavage of a charcoal marking mixture (Mascolo et al., 2002; Navarro et al., 2006) . In rat studies, gastric elimination of an acaloric mixture containing phenol red (Qiu et al., 2008b) was measured spectrophotometrically.
Mice were weighed and sorted into equivalent groups according to body weight (BW) and then fasted overnight with free access to water. The gastrointestinal transit assay was then conducted according to standard methods, described previously (Mascolo et al., 2002; Navarro et al., 2006) . On the morning of the experiment, water was also removed from all cages. The duration of fasting and water restriction was 18 and 4 h, respectively. Mice were divided into groups (n ϭ 6/group for the EX-1315 experiment, n ϭ 16/group for the EX-1314 experiment) of equal body weight, each receiving an intraperitoneal injection of vehicle (phosphate-buffered saline) or 500 g/kg ghrelin, EX-1314, or EX-1315 in a dose volume of 5 ml/kg. Five minutes later, each mouse was given an oral dose (250 l) of a black, marking mixture consisting of 10% activated charcoal and 5% gum arabic in distilled H 2 O (Sigma-Aldrich). Fifteen minutes later, mice were sacrificed, whereupon the stomachs were excised immediately distal to the cardiac and pyloric sphincters, and the contents were extracted and weighed. A separate, baseline group, was given the oral charcoal mixture and sacrificed immediately, and stomach content weights were measured. Percentage gastric emptying (GE) was calculated as follows: %GE ϭ ͕100 Ϫ ͓1 Ϫ ͑mean t ϭ15 min stomach content weight of experimental group/mean stomach content weight of baseline group͔͒ ϫ 100͖ (1) GE assays were also conducted in SD rats (n ϭ 6/group) after intraperitoneal and oral gavage dosing with EX-1314. These studies were conducted as described above, except that the GI marking mixture consisted of 1.5 ml of a 1.5% hydroxypropyl-methyl-cellulose solution (noncaloric) containing 0.05% phenol red as an indicator. In addition, in the oral gavage study, vehicle or EX-1314 (300 mg/kg; 2.5 ml/kg) were dosed 45 min before GI marking mixture dosing. Rats were sacrificed at 5, 10, and 20 min after the oral marking mixture load. The stomach was removed as described above, and the contents were emptied into 50 ml of a 0.1 M NaOH solution. Particulates were removed by centrifugation (2000g, 2 min), and absorbance of the supernatant at 560 nm was read on a spectrophotometer (Qiu et al., 2008a) . The fraction remaining was determined as follows: %GE ϭ ͕100 Ϫ ͓1 Ϫ ͑mean absorbance of experimental group at a given time point/mean absorbance obtained from baseline group͔͒ ϫ 100͖ (2) SIT. Mice were fasted overnight for 18 h. After the fast, all mice were weighed and sorted into equivalent groups (n ϭ 6/group) according to BW. Mice were then dosed with vehicle, ghrelin, or a GhrR agonist. Preliminary experiments determined the optimal time courses for the different routes of administration. Depending on the route of compound administration, the mice were then dosed with a
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jpet.aspetjournals.org predetermined amount of the black marking charcoal mixture (as per mouse GE assay), 1 (intracerebroventricular study), 15 (intraperitoneal study), or 45 (per os study) min later. Fifteen minutes after the charcoal bolus, the mice were euthanized via CO 2 asphyxiation. The stomach and small intestines were excised, and the total length of the small intestine, beginning with the pyloric sphincter to the distal end of the ileum, was recorded. Percentage small intestinal transit (%SIT) was calculated using the following formula: %SIT ϭ (distance the charcoal smear traveled)/(total length of the small intestine) ϫ 100.
Feeding Effect on Fecal Output. We evaluated whether the prokinetic actions of our GhrR agonists cold lead to fecal output and whether GhrR-induced FI would influence this action. Mice were fed ad libitum until the day of the assay. Then, to eliminate variability in stomach contents between individual mice, food and water were removed from their cages 2 h before the experiment, starting at 10:00 AM. Because mice feed and drink very little during the daylight hours, it was believed that this would make a minimal impact on their general physiology or colonic fecal content. Mice were dosed (n ϭ 6/group) with either vehicle or EX-1314 (300 mg/kg; 2.5 ml/kg) by oral gavage and then placed in a clean cage (i.e., free of feces). The food hopper of each cage contained a known, excess amount of food. Because ghrelin is not orally bioavailable, it was not used as a positive control in these studies. Food and water could then be consumed ad libitum, and the quantity of food remaining could be measured at a given time after treatment. Immediately after dosing, half of the mice remained without food or water for 4 h, while the other half was able to feed ad libitum for 4 h. Fecal pellet number, total fecal mass, and cumulative FI were measured 4 h after dosing.
GhrR Knockout Mouse Studies. To determine the selectivity of the actions of synthetic GhrR agonists, groups of GhrR KO and WT littermates were evaluated for their response to agonist treatment in both feeding and SIT assays. For both studies, mice were dosed intraperitoneally with vehicle or 500 g/kg of either ghrelin or EX-1314. For the feeding assays, nonfasted mice (n ϭ 8/group) were sorted into equivalent groups according to their morning BW. After the sort, all mice were dosed intraperitoneally and returned to their cage. The GhrR dependence of the prokinetic action of GhrR agonists was also determined by conducting an SIT assay on groups of GhrR KO and WT littermates (n ϭ 6/group) as described above.
Direct CNS Dosing Studies. Intracerebroventricularly cannulated mice were acclimated to handling for 3 days before an experiment. On the morning of each study, ghrelin and EX-1314 were formulated in artificial cerebrospinal fluid (pH 6.4; Harvard Apparatus Inc., Holliston, MA). Initial dose-response experiments were carried out for ghrelin and EX-1314 to determine optimal doses (data not shown). Vehicle (artificial cerebrospinal fluid), 0.25 g/l ghrelin, or 0.0025 g/l EX-1314 was infused in conscious animals (n ϭ 7/group) at a rate of 1 l/min for 4 min so that a total of 1 g of ghrelin or 0.01 g of EX-1314 was administered to the animals. The intracerebroventricular dosing study was conducted in two phases. The first phase of the study evaluated the feeding and fecal output responses of animals fed ad libitum to an intracerebroventricular infusion of GhrR agonists. On the morning of the study, mice were sorted into equivalent groups according to morning BW. Mice were then dosed and placed in a clean cage (i.e., free of feces), where they continued to have access to food and water ad libitum. Cumulative food intake and fecal output (total fecal pellet number and total fecal mass) were determined 4 and 24 h after compound dosing. Body weight was again measured 24 h after dosing. Phase 2 of the intracerebroventricular dosing study was performed after a 4-day washout period, with mice remaining in the same treatment groups as in phase 1. Mice were fasted overnight, dosed intracerebroventricularly, and an SIT assay was performed (as described above).
Comparative Pharmacology Studies. The next experiments were designed to evaluate the relative sensitivity of mice to the actions of synthetic GhrR agonists. Groups of nonfasted, male mice (n ϭ 8/group) were dosed orally by gavage (5 ml/kg) with either vehicle (phosphate-buffered saline) or EX-1314 (1-1000 mg/kg) and then placed in a clean cage (i.e., free of feces), where they had access to food and water ad libitum. One hour after dosing, FI and fecal output were measured as described above. A third cohort of mice was given the same doses (n ϭ 4/group) and then sacrificed by CO 2 asphyxiation 1 h later for compound exposure determination. Blood was collected from this third cohort via cardiac puncture for determination of plasma concentrations of EX-1314 by a liquid chromatography/mass spectrometry method (Absorption Systems, Exton, PA).
Opiate-Induced GI Dysmotility. All studies conducted thus far were performed using rodents in their normative state. Therefore, we next determined whether our GhrR agonists could affect GI motility in a model of opiate-induced bowel disorder (Greenwood-Van Meerveld et al., 2004; Venkova et al., 2007) . On the day before the experiment, lean male C57BL/6 mice (n ϭ 8/group) were fasted overnight (18 h), with water available ad libitum. The following morning, mice received a subcutaneous dose of morphine sulfate (3 mg/kg in water) and were transferred to a clean cage. One minute later, animals were dosed by oral gavage with vehicle or EX-1314 (100 or 300 mg/kg). Forty-five minutes after compound treatment, all animals were dosed orally with 500 l of the charcoal meal. Fifteen minutes later, mice were sacrificed, and the %SIT was determined as described above.
Statistical Analyses. All data are represented as the mean Ϯ S.E. Compound versus vehicle effects were analyzed using a one-way analysis of variance and Tukey's post hoc test. For experiments comparing the effect of treatment with respect to genotype, a twoway analysis of variance with Bonferroni post hoc tests was used. All analyses were performed using GraphPad Prism version 4.03 for Windows (GraphPad Software Inc., San Diego, CA). Statistical significance was defined as p Ͻ 0.05.
Results
Intrinsic Activity of GhrR Agonists. A series of in vitro experiments was carried out to characterize the intrinsic pharmacological properties of small-molecule GhrR agonists (Supplemental Table 1 ). A prototype of the class of molecules, EX-1315, bound with high affinity to the human GhrR (K i ϭ 55 nM). EX-1315 also showed potent functional activity, with an EC 50 value of 1.5 nM. Likewise, EX-1314 demonstrated high-affinity binding (K i ϭ 2.3 nM) and potent functional activity (EC 50 ϭ 0.4 nM).
Gastric Emptying. Initial experiments sought to establish the extent to which our small-molecule GhrR agonists stimulate gastric emptying in comparison with ghrelin. Intraperitoneal injection of 500 g/kg of ghrelin, EX-1315 (Fig.  1A) , or EX-1314 (Fig. 1B ) 5 min before an oral charcoal load resulted in a significant increase in gastric emptying compared with vehicle-treated mice. Likewise, rats dosed with EX-1314, either intraperitoneally (Fig. 1C) or by oral gavage (Fig. 1D) , had a significant increase in GE relative to the vehicle group. After intraperitoneal dosing, GE was significantly increased in rats given EX-1314 at 5-, 10-, and 20-min time points. However, in the rats receiving EX-1314 by oral gavage, a significant difference was only observed at the 5-min time point, although the trend of greater GE in the compound group continued at later time points.
Small Intestinal Transit. We evaluated the extent to which GhrR agonism stimulated SIT. After an oral load of a non-nutritive charcoal mixture, mice dosed at 500 g/kg i.p. with ghrelin, EX-1315, or EX-1314 showed robust and significant stimulation of SIT relative to vehicle-treated controls that were comparable in magnitude (Fig. 2A) . To determine whether the prokinetic action of small-molecule GhrR agonists could be achieved after oral dosing, EX-1315 and EX-1314 were dosed orally at 10, 100, and 300 mg/kg in separate SIT experiments. In vehicle-treated mice, the charcoal admixture traveled approximately 34% of the length of the small intestine. Oral dosing with both EX-1314 (Fig. 2B ) and EX-1315 (Fig. 2C) caused an increase in %SIT that was significantly greater than vehicle-treated controls at the 100 and 300 mg/kg doses.
Feeding Effect on Fecal Output. We next sought to determine whether the prokinetic action of GhrR agonists was capable of propagating a prokinetic signal along the entire length of the GI tract. To do so, we tested whether dosing of GhrR agonists by oral gavage was also capable of increasing fecal output. In addition, we examined the contribution of feeding to GI motility by comparing fecal output of mice with and without access to food during the prokinetic period. Figure 3 shows the 4-h fecal output data from mice that were dosed orally with vehicle or EX-1314. After a 300 mg/kg dose of EX-1314, mice that were given access to food consumed significantly more food (1.06 Ϯ 0.17 g) relative to vehicle-treated controls (0.35 Ϯ 0.16 g). Furthermore, fecal output in GhrR-treated mice was 2-fold greater versus controls (p Ͻ 0.05). It is interesting that mice that were denied access to food showed no increase in fecal output relative to controls, suggesting that GhrR agonist-stimulated fecal output is a consequence of stimulated food intake. The fecal pellets of all groups studied were qualitatively similar, with no evidence of diarrhea.
Effect of GhrR Agonists in GhrR KO and WT Mice. To determine the GhrR selectivity of the GhrR agonists, FI was measured (as described above) 4 h after an intraperitoneal injection of vehicle, ghrelin, or EX-1314 in male GhrR KO and WT mice fed ad libitum (Fig. 4) . In WT mice, administration of ghrelin or EX-1314 (both at 500 g/kg) increased FI approximately 2-fold compared with vehicle-treated controls (p Ͻ 0.05, Fig. 4A ). However, the same treatments administered to GhrR KO mice yielded no significant differences between vehicle-treated and either ghrelin-or EX-1314-treated groups. An SIT assay was also performed on GhrR KO and their WT littermates (Fig. 4B) . There was no significant difference in %SIT between GhrR KO and WT littermates treated with vehicle. As observed in previous experiments, both ghrelin and EX-1314 dosed at 500 g/kg stimulated a significant increase in SIT in WT mice relative to vehicle-treated controls. However, in mice lacking the GhrR, neither ghrelin nor EX-1314 was prokinetic, suggesting that the agonists act exclusively through the GhrR.
Direct CNS Dosing Studies. The stimulatory effects of ghrelin on FI and GI motility are thought to be mediated predominantly at the level of the CNS, although actions on peripheral tissues may also be involved (Sakata et al., 2003; Xu et al., 2005; Zhang et al., 2005) . To assess the contribution of central action in the effects of our agonists, we infused ghrelin or EX-1314 into the lateral cerebral ventricle of mice fed ad libitum. Four hours after the intracerebroventricular infusion, vehicle-treated mice consumed 0.52 Ϯ 0.19 g of food, but both the ghrelin-and EX-1314-treated mice ate almost three times as much (p Ͻ 0.05, Fig. 5A ). Figure 5B shows that 24 h after the infusions, FI remained significantly elevated in both the ghrelin-and EX-1314-treated groups, relative to controls.
We also examined the effects of intracerebroventricular ghrelin or EX-1314 administration on fecal output in these animals. Fecal expulsion, both in terms of the number of fecal pellets (Fig. 5, C and D) and the total mass of expelled feces (Fig. 5, E and F) , was evaluated 4 and 24 h after intracerebroventricular dosing. As was observed with FI, both ghrelin and EX-1314 treatment significantly increased fecal output (pellet number) by approximately 2.5-fold relative to vehicle Fig. 1 . Stimulation of GE in mice and rats by GhrR agonists. Intraperitoneal dosing of the GhrR agonists EX-1315 (A, n ϭ 6/group) or EX-1314 (B, n ϭ 16/group) stimulates GE in mice. Overnight-fasted, C57BL/6 mice were dosed intraperitoneally with vehicle or with 500 g/kg of either ghrelin or synthetic agonists and given an oral charcoal meal 5 min later. Mice were sacrificed 15 min after the meal gavage for determination of %GE. Intraperitoneal dosing of ghrelin, EX-1315, and EX-1314 significantly increased GE relative to vehicle-treated mice. Likewise, EX-1314 dosed either intraperitoneally (C) or by oral gavage (D) in SD rats (n ϭ 6/group) robustly stimulated GE. Data are presented as mean percentage remaining in the stomach Ϯ S.E.; ‫,ء‬ p Ͻ 0.05 versus vehicle.
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at ASPET Journals on July 8, 2017 jpet.aspetjournals.org controls (p Ͻ 0.05, Fig. 5C ), an effect that was sustained for at least 24 h after intracerebroventricular injection (Fig. 5D) . Similar results were obtained when the fecal output was assessed according to mass (Fig. 5, E and F) . The fecal pellets of all groups were qualitatively similar, with no evidence of diarrhea. Despite the increased fecal output that occurred in ghrelin-and EX-1314-treated mice, the short-term consequence of GhrR agonist treatment was a net increase in BW (Fig. 5G) . Although vehicle-treated mice gained 0.22 g, mice dosed intracerebroventricularly with ghrelin or EX-1314 gained three to four times as much weight (Fig. 5G) within just 24 h.
As a terminal assessment of the prokinetic action of GhrR Fig. 2 . EX-1315 and EX-1314 increase SIT in mice after both intraperitoneal and oral gavage dosing. Fasted, C57BL/6 mice (n ϭ 6/group) were given a charcoal marking mixture by oral gavage followed immediately by an intraperitoneal dose (500 g/kg) of ghrelin, EX-1314, or EX-1315 (A). Fifteen minutes later, animals were sacrificed, and the %SIT was determined. Intraperitoneal injection of both compounds significantly increased %SIT to the same extent as ghrelin. In the next study, fasted mice (n ϭ 8/group) were dosed orally with either EX-1315 (B) or EX-1314 (C) 45 min before the oral charcoal load. Fifteen minutes after the charcoal load, animals were sacrificed, and the %SIT was determined. Both compounds significantly increased GI motility after oral doses of 100 or 300 mg/kg. Data are presented as mean %SIT Ϯ S.E.; ‫,ء‬ p Ͻ 0.05 versus vehicle. Fig. 3 . Oral gavage dosing of EX-1314 stimulates fecal output. Food was removed from the mice (n ϭ 6/group) for 2 h (10:00 AM to noon), at which point they were dosed with either vehicle or EX-1314 (300 mg/kg). Immediately after dosing, half the mice from each group were given ad libitum access to food ("fed"), whereas the other half remained without food and water ("fasted"). Fecal output was determined at 4 h. EX-1314 significantly increased fecal output, but only in mice that were able to feed after the treatment. Data are presented as mean Ϯ S.E.; ‫,ء‬ p Ͻ 0.05 versus vehicle.
Fig. 4.
Ghrelin receptor specificity of the prokinetic action of GhrR agonists. GhrR KO and WT mice were used to test the specificity of EX-1314. In two separate experiments, intraperitoneal injections (500 g/kg) of either ghrelin or EX-1314 were only effective at stimulating food intake (A, n ϭ 8/group) and small intestinal transit (B, n ϭ 6/group) in wild-type controls. Data are presented as mean Ϯ S.E.; ‫,ء‬ p Ͻ 0.05 versus vehicle.
agonists, intracerebroventricularly cannulated mice were redosed according to their original treatment group, whereupon the effect on SIT was evaluated. Mice infused with EX-1314 experienced significant increases in GI motility relative to vehicle-treated controls that were similar to those observed with intraperitoneal injection of the agonists (Fig.  5H) . The single dose of ghrelin included in the study failed to increase %SIT to a significant degree. Comparative Pharmacology Studies. We next assessed the relative effectiveness of orally administered ghrelin agonists to stimulate GI motility compared with FI. This study was run in nonfasted mice. Figure 6 , B and C, shows the relative potencies of GhrR agonist EX-1314 in stimulating FI and GI motility, respectively. Measures of efficacy and plasma exposure levels were measured at the 1-h time point for direct comparisons. EX-1314 showed a dose-linear increase in plasma concentrations at the 1-h time point (Fig.  6A) and elicited a dose-responsive increase in FI relative to vehicle-treated controls, with a minimum effective dose of approximately 10 mg/kg (Fig. 6B) . However, fecal output (Fig. 6C ) measured in the same animals did not show a dose response over the 1 to 1000 mg/kg dose range, in that apparent maximal effects were seen with 1 mg/kg.
Opiate-Induced GI Dysmotility. To this point, the effects of EX-1315 and EX-1314 had been assessed exclusively in normative animals. Therefore, we determined whether our ghrelin agonists could affect GI motility in a model of opiateinduced bowel disorder in which morphine is used to slow Fig. 5 . Effects of intracerebroventricular infusion of GhrR agonists in mice. Male mice (n ϭ 7/group) were infused intracerebroventricularly with either ghrelin (1.0 g) or EX-1314 (0.01 g). Intracerebroventricular administration of both ghrelin and EX-1314 significantly increased food intake at 4 (A) and 24 (B) h after the infusion. Likewise, 4-(C and E) and 24-h (D and F) fecal output (both number and mass, respectively) were significantly increased after intracerebroventricular infusion of either ghrelin or EX-1314. Intracerebroventricular GhrR agonist treatment also resulted in a net increase in BW (G) over 24 h. Small intestinal transit was also significantly increased by intracerebroventricular infusion of EX-1314 (H), whereas ghrelin-induced increases in SIT failed to reach statistical significance in this assay. Data are presented as mean Ϯ S.E.; ‫,ء‬ p Ͻ 0.05 versus vehicle.
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at ASPET Journals on July 8, 2017 jpet.aspetjournals.org gastrointestinal transit (Greenwood-Van Meerveld et al., 2004) . As shown in Fig. 7 , treatment of mice with morphine (morphine/vehicle group) significantly decreased SIT by 40% compared with the vehicle/vehicle control. Oral treatment with EX-1314 was able to ameliorate morphine-induced hypomotility in an apparent dose-responsive manner. When dosed at 300 mg/kg, EX-1314 significantly increased SIT to levels observed for controls, indicating complete reversal of the morphine-induced hypomotility.
Discussion
We have demonstrated the utility of a novel class of smallmolecule GhrR agonists as prokinetic gastrointestinal agents that are as potent and efficacious as acylated ghrelin. Synthetic GhrR agonists have been shown previously to stimulate GI motility effectively when injected intravenously (Greenwood-Van Meerveld et al., 2004; Heightman et al., 2007; Venkova et al., 2007) . Here, we have demonstrated potent efficacy of GhrR agonists on stimulated gastric emptying, small intestinal transit, and fecal output in addition to stimulating food intake. These effects could be produced after intraperitoneal, intracerebroventricular, and peroral dosing. Furthermore, EX-1314 was shown to ameliorate opiate-induced bowel dysfunction in mice after oral dosing, supporting the potential use of these agents in a range of human GI dysmotility disorders.
Ghrelin has been shown to enhance gastric emptying in mice (Dornonville de la Cour et al., 2004; Kitazawa et al., 2005; Qiu et al., 2008a) , rats (Fukuda et al., 2004; Ariga et al., 2007) , and humans . Our initial experiments were performed to determine the ability of the dimethyl glycyl-O-benzyl-serine ghrelin agonists to increase the most proximal components of GI physiology, GE, and SIT. In intraperitoneal dosing studies in mice, we found that synthetic GhrR agonists were capable of stimulating GE to the same extent as ghrelin itself (Fig. 1) . Similar results were obtained in rats. Consistent with the available literature (Trudel et al., 2002; Kitazawa et al., 2005) , GhrR agonistinduced increases in GE seem to be greater in rats relative to mice, although this was not studied exhaustively in the current studies. In addition, we show that GE is enhanced in rats after oral gavage dosing with a synthetic GhrR agonist. The GhrR agonist-induced upper GI motility signal could also be detected by examining SIT after both intraperitoneal and oral gavage dosing (Fig. 2) . We found the SIT to have a relatively high degree of interassay variability and a low dynamic range compared with the other assays used in this series of experiments. This may be a consequence of the fact that mice are fasted both before and throughout the assay. Fasting and the inability to feed may decrease overall responsiveness to the prokinetic actions of GhrR agonists (see below). Nevertheless, these assays confirmed that both endogenous and synthetic GhrR agonists increased GI motility after intraperitoneal dosing and that the synthetic agonists were also effective in this assay after oral dosing.
Ghrelin and synthetic GhrR agonists are potently orexigenic (Wren et al., 2000; Figs. 4 -6) . The small-molecule GhrR agonists examined in this series of experiments are also able to stimulate feeding after oral dosing. We also found that fecal output is robustly stimulated by the synthetic GhrR agonist treatment after oral dosing of compound (Fig.  3) . It is important to note that these experiments were not designed to demonstrate a direct effect of GhrR agonists on Fig. 7 . Oral efficacy of the GhrR agonist EX-1314 in opiate-induced bowel dysfunction. Mice (n ϭ 8/group) were dosed with morphine sulfate (3 mg/kg s.c.) 1 h before conducting an SIT assay. Morphine treatment significantly impaired GI motility relative to mice receiving vehicle alone. However, EX-1314 treatment was able to restore normal transit. Data are presented as mean %SIT Ϯ S.E.; ‫,ء‬ p Ͻ 0.05 versus the "morphine ϩ vehicle" group. Fig. 6 . Comparison of the dose-dependent effects of EX-1314 administered by oral gavage on food intake and fecal output. Mice in this study (n ϭ 8/group for A and B; n ϭ 4/group for C) had free access to food and water during the study. The dose-response relationships of the plasma concentrations of EX-1314 (A) relative to food intake (B) and fecal output (C, total pellet number) 1 h after oral dosing are shown. Data are presented as mean Ϯ S.E.; ‫,ء‬ p Ͻ 0.05 versus vehicle. the colon but rather to elucidate whether activation at the level of the upper GI would propagate along the length of the GI tract. We show that GhrR agonists can increase fecal output, but only if mice were able to feed during the stimulatory period. Thus, GhrR agonists can stimulate upper GI motility, and the orexigenic action of the compounds may indirectly contribute to prokinetic activity along the entire GI tract via an indirect mechanism. It is interesting that the increased sensitivity of mice in terms of fecal output and the lack of an apparent dose response (Fig. 6) suggest that relatively small amounts of food intake are required to enhance the GhrR-stimulated fecal output. Moreover, it may be possible to separate the orexigenic and prokinetic actions of GhrR agonist after oral dosing. A comparison of the data in Fig. 6 , B and C, suggest that there may be a differential sensitivity to the effects of GhrR agonists on feeding and GI motility. Consistent with food dependence for robust GI motility after GhrR agonist treatment, we note the high degree of interassay variability in the SIT assay, which is run in fasted animals (compare Figs. 2A and 4B ). Nevertheless, it is clear that ghrelin agonism is still prokinetic even in the absence of feeding because SIT is enhanced. However, it is also clear that the additional prokinetic stimulation provided by feeding is required for the full expression of GhrR agonistinduced GI motility and for transmission of that signal along the entire length of the GI tract. Therefore, ghrelin may participate in reflex postprandial fecal elimination or the gastrorectal reflex (Masuda et al., 2000) . Thus, the data suggest the potential utility of GhrR agonists for the therapeutic relief of both upper and, in nonfasting conditions, lower GI dysmotility.
It has been demonstrated previously that there are no differences in gastric emptying in mice lacking endogenous ghrelin relative to WT littermates (De Smet et al., 2006) . Consistent with these observations, we found no significant differences in the GI motility of GhrR KO mice relative to WT littermates, comparing vehicle-treated groups. Likewise, the GhrR agonists tested were without effect in mice lacking the receptor. These findings are consistent with the high degree of in vitro GhrR selectivity observed in counterscreen assays (data not shown), which show a lack of off-target activity of these synthetic molecules. Therefore, we can be confident that stimulation of FI and GI motility after administration of ghrelin and the synthetic agonists described here are specific to actions at the GhrR receptor.
GI motility in response to GhrR agonism is thought to be mediated by both a central action and a direct effect at the level of the enteric nervous innervation of the gut (Fukuda et al., 2004; Inui et al., 2004) . Central and peripheral injections of GhrR agonists in rodents have been shown previously to increase GI motility (Tebbe et al., 2005; Shimizu et al., 2006; Fraser et al., 2008) . Consistent with this growing body of literature, we show that intracerebroventricular delivery of a small-molecule GhrR agonist potently stimulates FI, SIT, and fecal output. As observed in oral dosing studies, the fact that animals were free to feed ad libitum after intracerebroventricular injections probably allowed the prokinetic signal to manifest as fecal output in these experiments. The results presented here confirm that GhrRs in the CNS contribute to the prokinetic action of GhrR agonists because both ghrelin and EX-1314 robustly stimulated GI motility after intracerebroventricular doses that were several orders of magnitude lower than those needed for peripheral dosing. The single dose of ghrelin dosed in the intracerebroventricular studies failed to increase %SIT to a significant degree. It is tempting to speculate that this may indicate a degree of dissociation of central and peripheral action of ghrelin with respect to GI motility or, possibly, desensitization of the receptor. However, we believe it is more likely a reflection of the relatively high degree of variability, and limited dynamic range, of the SIT assay. Nevertheless, it is clear that centrally delivered synthetic GhrR agonists cause potent and lasting effects on both FI and GI motility.
The utility of GhrR agonism in a variety of models of GI pathology has been reported recently (Peeters, 2006; Sanger, 2008; Sanger and Alpers, 2008) . Treatment with ghrelin has been shown to successfully ameliorate diabetic gastroparesis in both animal models of the disease (Qiu et al., 2008a) and in humans (Murray et al., 2005 ). Our results demonstrate that the efficacy of synthetic GhrR agonists is robust under a condition of pathological GI dysmotility, namely opiate-induced bowel dysfunction. Opioid mechanisms such as those elicited by morphine are well known to increase GI resting tone while decreasing propulsive contractions with the overall effect of delaying passage of contents through the GI tract (Greenwood-Van Meerveld et al., 2004) . Oral treatment with the GhrR agonist, EX-1314, normalized morphine-induced dysmotility. Similar data have been obtained previously after parenteral dosing of a macrocyclic GhrR agonist (Venkova et al., 2007) . These results show that ghrelin agonism is capable of over-riding the opiate-induced GI hypomotility mechanism and suggest a utility of ghrelin agonists for opiate-induced bowel dysfunction and possibly other forms of ileus as well.
In summary, we have demonstrated the upper GI prokinetic efficacy of small-molecule GhrR agonists of the dimethyl glycyl-O-benzyl-serine class dosed by either parenteral or oral routes. Furthermore, we provide evidence that GhrR agonist-induced feeding provides an indirect stimulation of increased fecal output. It is important to note that the actions of our agonists are highly GhrR-specific and probably involve central neuronal pathways. In addition, we show that stimulation of the GhrR increases upper GI motility in both a basal state and in a model of opiate-induced bowel dysfunction. It has been suggested recently that the dual action of GhrR agonists to stimulate both feeding and GI motility may provide a compelling therapeutic strategy for reversing the gastroparesis and cachexia associated with chemotherapy in cancer patients (Malik et al., 2008) . Our data support the notion that small-molecule ghrelin agonists may offer a well integrated therapeutic approach to the treatment of multiple GI hypomotility-related disorders.
